Cosmological constant can be generated from the collision of elliptical, linearly polarized electromagnetic (em) shock waves coupled with gravitational shock waves. The produced cosmological constant reverses sign with relative amplitudes of waves polarized along x and y axes and it vanishes for the case of circular polarization. The process is restricted by linear polarization for inclusion of cross polarization doesn't contribute to the production. Collision of non-linear em waves in a particular class of Born-Infeld theory also yields a cosmological constant.
I. INTRODUCTION
Understanding the origin of cosmological constant, its role played in the universal vacuum energy, its repulsive effect in the accelerating expansion of the universe and related matters all constitute a volumious part in modern cosmology. Although experimental observations revealed much information about the evolution of the universe the origin of cosmological constant still lacks a satisfactory answer. Our aim in this paper is to shed light on the emergence of cosmological constant from the linear polarization and amplitude properties of colliding electromagnetic (em) waves. It is now well-underestood that em force / waves emerged about 380000 years after the big bang [1] . Once they formed it is natural to expect that their non-linear interactions started to play a significant role in the evolutionary cosmos. Due to intrinsic non-linearity in quantum electrodynamics the photonphoton scattering occupies a significant part related to the polarization of photons. In classical physics / general relativity since we are not entitled to use the terminology 'photon' we shall abide by its classical counterpart, namely em waves. Only in a fully fledged theory of quantum gravity, yet to be discovered, these two terminologies will converge into the same.
In a recent study it has been shown by Barrabes and Hogan (BH) [2] that cosmological constant emerges as a result of colliding em waves accompanied by shock gravitational waves. Owing to the importance of the problem we wish to extend it further in various directions. The spacetime following the collision of linearly polarized em shock waves was found by Bell and Szekeres (BS) [3] . Extension of the BS solution to cross-polarized collision with single essential parameter was also found [4, 5] . In the latter problem the two incoming waves have non-aligned polarization vectors prior to collision and naturally this gives rise to an off-diagonal component in the metric. This is analogous to the relation of Khan-Penrose [6] and Nutku-Halil [7] metrics. Herein we show that emergent cosmological constant relates only to the linear polarization context of the waves with different amplitudes. We obtain that the cosmological constant (= λ 0 )= α 2 − β 2 , where α and β denote the amplitude constants of electric field components along x and y directions, respectively. Such a theoretical prediction probably may be verified by experimental observations and this naturally necessitates to reevaluate the polarization data of CMB. We extend the linear polarization problem to the case of cross-polarization, however, this doesn't yield a pure cosmological constant term. Instead we obtain a general energy-momentum without immediate interpretation but yet it can be interpreted as a conversion of em energy into other forms. Besides, we answer the question whether colliding em waves accompanied with gravitational waves in the non-linear electrodynamics [8] gives rise to cosmological constant or not. Our finding for the Born-Infeld (BI) [9] theory is positive, however, this leaves the case of different non-linear electromagnetic models open. Finally we wish to draw the following conclusion: given that a cosmological constant emerges as a result of colliding em waves this process provides also an indirect evidence for the existence of gravitational waves. This is due to the fact that without the latter the em waves alone can't make it.
Organization of the paper is as follows. Section II explores the collision of shock waves in Einstein-Maxwell (EM) theory. Section III considers a brief extension to the case of cross polarization. Collision of waves in nonlinear electrodynamic is discussed in Section IV. The paper ends with Conclusion in Section V.
II. COLLIDING SHOCK WAVES IN EINSTEIN-MAXWELL (EM) THEORY
The line element
with the em potential 1−form
solves the problem of colliding shock waves in EM theory subject to the following information: Here α and β are amplitude constants of the em waves; u + = uθ (u) and v + = vθ (v) , where θ (u) / θ (v) is the Heaviside unit step function. Note that we have the freedom to scale u → au and v → bv for constants a and b. Since we can absorb ab into the x and y coordinates and for the sake of simplicity we shall make the choice a = b = 1 throughout the paper. For (u > 0, v > 0) the line element (1) represents the geometry of interaction region (region IV). The incoming region II, for v < 0 is given by
By a coordinate transformation this can be represented in Brinkmann coordinates {U, V, X, Y } as
where
The distinction between (3) and (4) is clear: They represent transverse and longitudinal waves, respectively. For collision problem Brinkmann form is not appropriate, for this reason we use the transverse form (3). For u < 0 from (1) we obtain the incoming region III which is similar to II with u → v. From (2) we obtain the non-zero em field components as follows
The Newman-Penrose (NP) quantities [10] in the null basis 1−forms
and their Ricci tensor connections are given in the Appendix A. From (6) we can easily read the incoming em waves in region II (with v < 0) and region III (with u < 0). Equivalently we find the NP components of the em field by
The gravitational shock waves also are given from Appendix B as
From (6) the electric and magnetic components of our solution are
It is readily seen from (10) that after the collision we have E x = B x = 0. Prior to the collision regions II and III both have the em components elliptically polarized in the orthonormal frame {u, v,x,ȳ}. To see this we choose dx = g xx dx and dȳ = g yy dy so that
After the collision both the electric and magnetic fields are polaized in y−direction, i.e. the process of collision acts as a polarizer. Throughout the spacetime EM field equations are given by
where the energy-momentum tensor of the em field is
and S µν stands for the energy-momentum on the null-hypersurfaces [11] . From Appendix A we read S uu = δ (u) (β tan βv + − α tan αv + ) and S vv = δ (v) (β tan βu + − α tan αu + ). The latter contains the delta functions of the Ricci tensor as displayed in the Appendix. The constant λ 0 is identified as the cosmological constant which turns out to be
Obviously λ 0 emerges in region IV for u > 0 and v > 0 and depending on whether α 2 > β 2 or α 2 < β 2 it can be positive or negative. It is not difficult to speculate that the waves may start with α 2 > β 2 but the y−mode can build up by superposition or other mechanisms to suppress the x-mode and make α 2 < β 2 . Thus the emergent cosmological constant through colliding waves has the potential to change its sign.
From the Weyl scalars Ψ 4 (Ψ 0 ) (see Appendix B) it can easily be seen that null singulaities occur at u = 0 (v 1 = ) that is, they double in number. When α = β, the incoming Weyl curvatures disappear and we recover the problem of colliding em shock waves of BS [3] . For β = 0, effectively we recover the results of [2] .
III. COLLIDING EM WAVES WITH CROSS POLARIZATION
Collision of linearly polarized em waves was generalized to include the second polarization in [4, 5] . The situation is analogous to Khan-Penrose [6] and Nutku-Halil [7] , or Schwarzschild-Kerr relation. The latter solutions contain one extra parameter so that when the parameter vanishes we obtain the former solutions. In the wave collision problem the parameter is the angle of relative polarization of the two incoming waves, say α 0 . The metric of the interaction region induces a cross-term g xy which is proportional to sin α 0 so that g xy → 0, when the waves are linearly polarized. With reference to [5] it is not difficult to give the spacetime of the interaction region in oblate-spheroidal type coordinates [7] 
The notation here goes as follows
Note that
and in the limit α 0 → 0 we recover the BS metric of linear polarization. The existence of α = β, however, makes the curvature components rather complicated so that a pure cosmological constant doesn't arise in the present case.
To verify this we make use of the null-tetrad basis 1-forms
and the complex conjugate of m. It suffices to compute the NP scalar Λ which is
From the trace of equation (12), we see that the expected cosmological 'constant'
is not a constant. In the linear polarization limit α 0 = 0 (F = 1) we obtain
(Note that the extra 1 2 factor comes from 4dudv in (12) instead of 2dudv). We conclude therefore that emergence of cosmological constant is related to the linear polarization property of the colliding waves. We recall that the cross polarization of waves through the Faraday rotation may be instrumental in the detection of gravitational waves [12] .
IV. COLLIDING WAVES IN EINSTEIN-NONLINEAR ELECTROMAGNETISM
Let's consider a general form of the nonlinear Maxwell Lagrangian as L (F ) in which F = F µν F µν . Hence the Einstein nonlinear Maxwell action reads (16πG = 1)
The line element is chosen to be (note that in this section we use more appropriately the +2 signature)
in which
Our em potential ansatz is A = a 0 sin ξdx so that the em field 2−form is
where the constant α is α = a 0 ǫ. Its dual * F is given by
and
The final form of F implies that F is non-zero only in the interaction region i.e. v > 0 and u > 0. We must add that choosing the field ansatz as in (22) guarantees that the other Maxwell invariant is zero i.e., G = − 1 4 F µν * F µν = 0. Therefore the general form of the nonlinear Lagrangian depends only on F . For instance in the case of BI theory Lagrangian becomes
which reduces to the linear Maxwell Lagrangian in the limit b → ∞. The nonlinear Maxwell's equation in the interaction region (u > 0 and v > 0) is given by
or effectively for (26)
which is obviously satisfied. On the boundaries however this gives null currents i.e.
where * J is the current 3−form given by * J = 2α
which occurs similar to S ab on the null boundaries. The energy momentum tensor of this nonlinear field and its explicit components are given in Appendix C. Plugging these into the field equations inside the interaction region
yields λ 0 = L − 2F dL dF and to have consistency with the other equations we must have ǫ 2 = −4α
dF . Breton considered the following line element [8] 
together with the em 2−form (here ǫ and κ are amplitude constants analogous to α and β in the linear Maxwell theory)
Note that the constants α 0 and β 0 are related to ǫ and κ through the field equations. The nonlinear Lagrangian used here is the more general BI Lagrangian given by
As it was shown in Ref. [8] in the limit b → ∞ it reduces to the Bell-Szekeres solution. In this general case also we find that there is emergent cosmological constant in the interaction region [13] . Emergence of null currents on the null boundaries after collision, however, from the non-linear Maxwell equation is inevitable. For the case of different non-linear electromagnetic models other than BI a similar conclusion remains to be seen.
V. CONCLUSION
Collision of linearly polarized em waves accompanied by appropriate gravitational shock waves gives rise to cosmological constant λ 0 = α 2 − β 2 in the interaction region (u > 0 and v > 0). Here α and β are amplitude constants of the incoming em waves. For α = β we have the typical collision of em shock waves derived first by Bell and Szekeres [3] in which the interaction region has only em field with null singularities on the null boundaries. Two null em waves collide and turn into a nonnull em field which is isometric to the Bertotti-Robinson spacetime [14] . Now, an interesting situation, observed by Barrabes and Hogan [2] arises: When the wave amplitudes along two space directions are unequal (i.e. α = β) a cosmological constant emerges in the interaction region. We use this observation to speculate about the possible origin of the cosmological constant. We prove, that this happens when the em waves are linearly polarized. This we do by extending the problem to cross polarized collision where the em energy transforms into a general form which can't be identified as a cosmological constant.
We also show that the collision of em waves in a nonlinear electromagnetism, specifically a reduced version of the BI theory, same trace of cosmological constant emerges. It should be added that the non-linear Maxwell equations are satisfied modulo the currents on the null boundaries, after the collision, much like the sources S ab on the null-boundaries.
Appendix A:
From the metric (1) and NP null-tetrad (18) we obtain the following Ricci components 2φ 22 = R u u = α 2 + β 2 θ (u) + δ (u) (β tan (βv + ) − α tan (αv + )) (35)
